We present a technique for measuring radio-frequency (RF) electric field strengths with subwavelength resolution. We use Rydberg states of rubidium atoms to probe the RF field. The RF field causes an energy splitting of the Rydberg states via the Autler-Townes effect, and we detect the splitting via electromagnetically induced transparency (EIT). We use this technique to measure the electric field distribution inside a glass cylinder with applied RF fields at 17.04 GHz and 104.77 GHz. We achieve a spatial resolution of ≈100 µm, limited by the widths of the laser beams utilized for the EIT spectroscopy. We numerically simulate the fields in the glass cylinder and find good agreement with the measured fields. Our results suggest that this technique could be applied to image fields on a small spatial scale over a large range of frequencies, up into the sub-THz regime. * This work was partially supported by DARPA's QuASAR program. Publication of the U.S. government, not subject to U.S. copyright. 
I. INTRODUCTION
The typical probe (sensor) to measure an electric (E) field has a size on the order of λ/2 or λ/4 (where λ is the free-space wavelength of the radiation one intends to measure). One example is a dipole loaded field probe [1] . These conventional probes can only measure an E-field strength averaged over the length of the probe. If one is interested in measuring a field distribution in the neighborhood of a structure with spatial features smaller than λ, the conventional probe would be problematic. For example, consider metasurface structures [2] . These metasurfaces are typically composed of periodic arrays of inclusions or scatterers. These scatterers are typically sub-wavelength in size (on the order of λ/10 or smaller).
Furthermore, these scatterers have even smaller sub-structures (gaps, holes, apertures) that can be as small as ∼ λ/100. With current methods, it is virtually impossible to measure E-field distributions on these sub-wavelength scales. The technique we demonstrate to perform high spatial resolution mapping of RF fields could be used in design verification and characterization of the metasurfaces and other sub-wavelength devices and structures.
To measure E-fields with sub-wavelength resolution, we take advantage of a recentlydemonstrated technique that uses atoms as field probes [3] - [7] . Here we demonstrate, for the first time, its spatial resolution capability. The technique uses room-temperature rubidium atoms as probes, exploiting the sensitivity of their high-lying Rydberg states to radio frequency (RF) radiation. (The term RF is used here to cover the conventional RF, microwave, millimeter wave, and sub-terahertz spectra.) This sensitivity reflects the large transition matrix elements (℘, on the order of 10 3 to 10 4 ea 0 ) for RF transitions between Rydberg states. We measure an Autler-Townes splitting [8] of Rydberg energy levels in these atoms to obtain the RF field strength. The energy levels are measured using electromagnetically induced transparency (EIT) [9, 10] .
Here we describe the physical principles underlying the technique. Consider a sample of stationary four-level atoms illuminated by a single weak ("probe") light field, as depicted in Fig 1. When the frequency of the light matches the |1 to |2 atomic resonance, the atoms scatter light from the incident beam and reduce the transmitted light intensity. If a second strong ("coupling") light field is applied resonant with the |2 to |3 transition, the |2 and |3 states are mixed to form dressed states which are close in energy. The excitation amplitudes from |1 to each of these two dressed states then have opposite signs, leading to destructive quantum interference of these excitation pathways. As such, a transparency window is opened for the probe light: probe light transmission is increased. This is the phenomenon known as EIT [9] . If one applies an RF field which couples states |3 and |4 , a third dressed state is introduced between the two involved in EIT which leads to constructive interference in the probe absorption. This splits the EIT resonance in two, and for resonant driving fields the new transmission maxima are split by the Rabi frequency Ω RF of the |3 -|4 transition [11, 12] . This is known as Autler-Townes splitting of the EIT signal [13] . Therefore the frequency splitting ∆f 0 between the transmission maxima allows a measurement of the E-field amplitude of the RF field via
where is Planck's constant and ℘ is the electric dipole moment of the RF transition |3 to |4 .
In order to measure the field amplitude for different RF frequencies, different states |3
and |4 can be chosen. State |3 is selected by tuning the wavelength of the coupling laser.
3 A large range of atomic transitions can be selected, allowing measurements of microwave fields over a correspondingly wide selection of frequencies. In essence, the atoms act as highly-tunable, resonant RF detectors. This is a significant benefit of using Rydberg atoms as field probes. In [4] , we use this fact to show how the technique can be used for broadband measurements of RF E-fields, ranging from 1 GHz to 500 GHz.
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 2 . We use a cylindrical glass vapor cell of length 75 mm and diameter 25 mm containing rubidium-85 ( 85 Rb) atoms. The levels |1 , |2 , |3 , and |4 correspond respectively to the 85 Rb 5S 1/2 ground state, 5P 3/2 excited state, and two
Rydberg states. The probe is a 780 nm laser ("red") which is scanned across the 5S 1/2 - [14] . The latter factor is relevant to measurements of RF-induced splittings of EIT peaks.
Hereafter, for each EIT system we investigate, we focus on the strongest peak, corresponding to the 5P 3/2 (F = 4) -nD 5/2 transition. We take this peak to be at ∆ p = 0. In order to improve the signal-to-noise ratio, we use heterodyne detection. We modulate the blue laser amplitude with a 30 kHz square wave and detect any resulting modulation of the probe transmission with a lock-in amplifier. This removes the Doppler background and isolates the EIT signal as shown in the black curve of Fig. 4 . Here we tune the coupling laser near the 5P 3/2 -28D 5/2 transition. Application of RF to couple states 28D 5/2 and 29P 3/2 splits the EIT peak as shown in the gray curve. We measure the frequency splitting of the EIT peaks in the probe spectrum, ∆f , and determine the E-field amplitude by
Note here the use of the Doppler scaling factor, not present in Eq. 1 for stationary atoms.
The E-field sensing volume is determined by the overlap of the RF, probe beam, and coupling beam within the vapor cell. Based on the geometries given above, this volume is a cylinder of length 75 mm and diameter 80 µm. The small optical beam diameter gives the measurement high spatial resolution in the dimensions transverse to the optical beams, which is crucial in the experiments presented next.
III. SUB-WAVELENGTH FIELD MAPPING
When an electromagnetic (EM) wave is incident onto a hollow dielectric cylinder, standing waves typically develop inside the cylinder due to internal reflections from the cylinder walls. The resulting field distribution will vary depending on the EM frequency. Using the technique explained in the previous section, we image the field inside our glass vapor cell Gray curve: The 28D 5/2 level is coupled to the 29P 3/2 level by a 104.77 GHz RF field.
(which is, electromagnetically, a hollow dielectric cylinder) for two different RF frequencies: The cell is translated away from the source in discrete steps. At each step position we measure the splitting of the EIT signal. We convert to an electric field using Eq. To study field mapping in the cm-wave regime we repeat the experiment with a 17.04 GHz source. Here, the blue laser is tuned to ≈ 480.13 nm to couple states 5P 3/2 and 50D 5/2 . The RF couples states 50D 5/2 and 51P 3/2 . We use a horn antenna at a distance of 0.880 m from the laser beams. ≈ λ RF /4.
We perform numerical simulations for this case as well, using a plane wave source with a field amplitude at the vapor cell determined from a far-field calculation. Based on source power, cable losses, and known antenna characteristics, the field amplitude at the location of the laser beams is 0.76 V/m. In Fig. 9 , we compare the data with results obtained from the numerical simulation. Here, agreement is good.
IV. DISCUSSION AND CONCLUSION
In this paper we have demonstrated a technique based on Rydberg atoms, EIT, and
Autler-Townes splitting which can perform sub-wavelength imaging and field mapping of RF radiation. We have validated the approach by comparing the measured field inside a hollow glass cylinder to results obtained from a full-wave numerical simulation.
While the spatial resolution of our measurements is determined by the ≈ 100µm beam widths of our lasers, the spatial resolution of the method is in principle limited by the optical diffraction limit. This is a significant improvement over the measurement resolution achievable by conventional probes. There are many possible applications of this technique.
For example, the sensing volume could be scanned over a printed-circuit-board (PCB) or a metasurface in order to map their fields, as well as other applications where E-field measurements on a small spatial resolution are desired. We aim to demonstrate these applications
